This work reports on the influence of the polarization of electroactive poly(vinylidene fluoride), PVDF, on the biological response of cells cultivated under static and dynamic conditions. Non-poled and ''poled +'' b-PVDF with and without a titanium layer were thus prepared. A thin titanium layer was deposited on PVDF films in order to obtain a more homogeneous surface charge. The MC3T3-E1 osteoblast cell culture exhibited different responses in the presence of PVDF films. The positively charged b-PVDF films promote higher osteoblast adhesion and proliferation, which is higher under dynamic conditions on poled samples, showing that the surface charge under mechanical stimulation improves the osteoblast growth. Therefore, electroactive membranes and scaffolds can provide the necessary electrical stimuli for the growth and proliferation of specific cells.
Introduction
Cell/biomaterial compatibility and cell response are strongly influenced by the surface properties of the biomaterial, such as surface charge, chemical composition and surface energy. 1, 2 In particular, surface charge and therefore electric field have been proven to influence growth and differentiation of some cells types. 3, 4 The quality of cell/biomaterial interactions influences cell adhesion, migration and proliferation, thus playing a decisive role in tissue engineering applications. 2, 5 Furthermore, different cells may behave differently on materials, according to surface morphology, hydrophobicity and roughness. 1, 5, 6 For instance, Huag et al. 5 found that osteoblasts (hFOB1. 19 ) and fibroblasts (L929) exhibit different responses on surfaces with different morphologies. In general, it can be stated that osteoblastic cells prefer rougher surfaces, whereas fibroblasts, the most common cell type found in connective tissue, favor smoother ones. 7, 8 Furthermore, the surface charge influences the cell attachment and behavior. 6 Indeed, it has been shown that electrically charged surfaces can influence different aspects of cell behavior such as growth, adhesion or morphology of different cell types including osteoblast, nervous and cardiac cells. 3, 5, 9 In this respect, piezoelectric materials have an interesting ability to vary surface charge when a mechanical load is applied, 10 without the need for an external power source or connection wires, a property that can be taken advantage of in novel tissue engineering strategies. Verma et al. 11 verified that surface charge is a critical factor for osteoblast adhesion, it was shown that positively charged surfaces promote higher adhesion. 12 Schneider et al. 13 observed that charged poly(hydroxyethyl methacrylic) acid (HEMA) promotes higher osteoblast attachment and spreading, and positively charged scaffolds supported higher cell attachment and spreading than neutral charges. Many body tissues react to mechanical and electrical stimuli, thus the use of electroactive films, membranes and scaffolds shows a novel and potentially interesting approach for tissue engineering applications.
14 Poly(vinylidene fluoride) (PVDF) is a semi-crystalline and biocompatible polymer with the largest piezoelectric response, 15, 16 good mechanical properties and excellent electroactive properties such as piezo-, pyro and ferroelectricity. 10 The material can be prepared in the form of films, fibers 17 or porous structures, 18 allowing the production of materials with a customized microstructure for biomedical applications, among others. Depending on the processing conditions, four different crystalline structures can be obtained, known as a, b, c and d, with the b-phase having the greatest piezoelectric and pyroelectric properties. 10, 19 The semicrystalline nature of PVDF is reflected by the piezoelectric activity at the mesoscale. At the mesoscopic scale, the piezoelectric activity of b-PVDF is formed by dispersed nanoregions instead of classical regions. 16 The charge distribution is therefore not totally homogeneous on the PVDF film. It has been proven that the charge surface of PVDF influences the cell viability and proliferation, being higher in poled (larger net surface charge) than in non-poled samples. 14, 20 Considering the suitability of PVDF, two challenges remain to enable the exploitation of electrical stimuli for cell culture purposes: the evaluation of the cellular response when a thin metal layer is deposited on top of a polymer surface, which is necessary in order to obtain a more homogeneous surface charge and to eventually use the material as an in vivo sensor and/or actuator, and to evaluate the effect under dynamic conditions. In this sense, the aim of the present work is to provide answers to the aforementioned issues by evaluating the cells cultured directly on the polymer or on the polymer coated with a conductive thin titanium layer. Further, experiments were performed under both static and dynamic conditions. MC3T3-E1 osteoblasts were selected for this work, since physiologically these cells are subjected to mechanical perturbations and can therefore be stimulated by the corresponding varying charge density on the surface of the materials, to evaluate cell adhesion, viability and proliferation in an in vitro environment.
Materials and methods

Preparation of PVDF samples
PVDF films were prepared as described previously. 21, 22 Briefly, PVDF (Solef 1010 from Solvay) was mixed with N,N-dimethyl formamide (DMF) (20 wt% PVDF), and films were obtained by spreading the solution on a glass slide that was then kept inside an oven at a controlled temperature of 120 uC for 60 min, to ensure solvent removal by evaporation and the isothermal crystallization of PVDF. Then, the sample was melted at 220 uC for 10 min, removed from the oven and cooled at room temperature. The polymer obtained by this procedure is predominantly a-PVDF, and the transformation into the b-phase was achieved by the conventional stretching procedure. 15, 22 Corona discharge was used to obtain the electrical poling of b-PVDF inside a home-made chamber and the piezoelectric response (d33) verified with a wide range d 33 -meter (model 8000, APC Int Ltd). The obtained value of the piezoelectric d 33 coefficient for the poled samples was y232 pC N
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.
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A thin titanium layer (approximately 30 nm) was deposited on top of some of the non-poled and ''poled +'' b-PVDF samples by magnetron sputtering.
For the in vitro assays, circular PVDF films with 13 mm diameter were cut from the prepared films and sterilized by immersing several times in 70% ethanol for 30 min. Then, the samples were washed 5 times for 5 min in sterile phosphatebuffered saline (PBS) to eliminate any residual ethanol.
The films used in the present study were non-poled b-PVDF, ''poled +'' b-PVDF (cell culture on the positively charged side of the material), non-poled b-PVDF with titanium (titanium deposited on the side in which the cells were cultured) and ''poled +'' b-PVDF with titanium.
Substrate topography and contact angle measurements
The samples were measured using Tapping Mode with a MultiMode connected to a NanoScope III, both supplied from Veeco, USA, with non-contacting silicon (ca. 47-76 kHz, k: 1.2-6.4 N m
21
) from AppNano purchased from USA. All images (10 mm wide) were fitted to a plane using the 1st degree flatten procedure included in the NanoScope software version 4.43rd8. The surface roughness was calculated as Sq (root mean square from average flat surface) and Sa (average absolute distance from average flat surface).
Contact angle measurements (sessile drop in dynamic mode) were performed at room temperature in a Data Physics OCA20 set up using ultrapure water as the test liquid. Water drops (3 mL) were placed onto the surface of the PVDF samples. The contact angles were measured using the software SCA20. Each sample was measured at six different locations and the contact angle was taken as the average obtained for each sample.
Cell culture
MC3T3-E1 osteoblasts (Riken cell bank, Japan) were cultivated in Dulbecco's Modified Eagle's Medium (DMEM) containing 1 g L 21 glucose (Gibco) supplemented with 10% Fetal Bovine Serum (FBS) (Biochrom) and 1% Penicillin/Streptomycin (P/S), at 37 uC in 95% humidified air containing 5% CO 2 . The medium was changed every 3 days. Circular PVDF samples and glass covers used as control were placed in a 24-well tissue culture polystyrene plate (TPCS) and 0.5 mL of cell suspension (3 6 10 4 cells mL 21 ) was added to each well and incubated at 37 uC. Also, after 3 h of static culture, part of the cell-cultured membranes were transferred onto a home-made bioreactor system. A dynamic culture was performed with MC-3T3 E1 osteoblasts on the same samples on a home-made bioreactor system with mechanical stimulation by placing the culture plate on a vertical vibration module at a frequency of 1 Hz with amplitude of y1 mm (Fig. 1 ).
Cell viability and proliferation
The viability of MC-3T3 E1 osteoblasts on the different PVDF films under static conditions was analyzed by Live/Dead Viability/Cytotoxicity kit (Invitrogen, CA, USA), by observation with a fluorescence microscope (Olympus BX51 Microscope).
The evaluation of the cell viability/proliferation was also carried out by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The MTT assay measures the mitochondrial activity of the cells, which reflects the viable cell number, and was carried out after 1, 3 and 5 days for the experiments performed under static conditions and dynamic conditions. At each time point, the cell/films were transferred to new wells and fresh medium containing MTT was added. After 3 Fig. 1 Home-made bioreactor system used for dynamic cell culture at 1 Hz: a) schematic system and b) photograph of the system. h of incubation, the MTT crystals were dissolved and optical density was measured at 570 nm.
Statistical analysis
All quantitative results were obtained from triplicate samples. The results were expressed as mean ¡ standard deviation. Statistical differences were determined by ANOVA using F-test for the evaluation of different groups. P values ,0.05 were considered to be statistically significant.
Results
Surface topography
The phase content, morphology and electroactivity of PVDF films depend on the processing conditions. 16 The topography of the b-PVDF obtained after stretching of a-PVDF is characterized by an oriented microfibillar microstructure. The poling process of PVDF films induces no significant differences in morphology 22 and sample topography, which maintains the same mean roughness. 16 The AFM analysis of the local piezoresponse data of the non-poled b-PVDF and poled samples show 16 that a clear piezoresponse signal exists in both samples, the domain contrast being therefore more pronounced in the poled ones. The AFM pictures of b-PVDF samples with and without titanium are displayed in Fig. 2 , maintaining the same scale and scan size for comparison. The deposition of a titanium thin layer on PVDF films increases the mean roughness (rms) of the samples, as can be observed in Fig. 2 , from 20.79 nm and 24.60 nm for the non-coated samples (non-poled b-PVDF, ''poled +'' b-PVDF, respectively) to 29.72 nm and 26.06 nm, on average, for the coated ones (non-poled b-PVDF with titanium and ''poled +'' b-PVDF with titanium, respectively). Considering the titanium coated films, it can be observed that the mean roughness is lower on ''poled +'' b-PVDF films (26,06 nm vs.
29,72 nm, for the poled and non-poled ones, respectively). This is explained by the fact that the positive polymer charge promotes the titanium adhesion during the first deposition steps, leading to a more homogeneous and therefore less rough surface.
Contact angle measurements
The surface energy, which is intimately connected with wettability, is one of the key factors governing biological interaction with a given material. [23] [24] [25] It is usually reported that biomaterial surfaces with moderate hydrophilicity show improved cell growth and higher biocompatibility. 23 The comparative wettability of the different PVDF samples was assessed by static contact angle measurements as shown in Fig. 3 . It is observed that the contact angles of the different PVDF films are all below 90u and the ''poled +'' b-PVDF film is the most hydrophilic one, with a contact angle around 60u. When the b-PVDF films are poled by corona treatment their surface wettability increases, as shown in Fig. 3 , due to the variations in the surface energy induced by the increased surface charge in the poled samples. 26 Comparing b-PVDF films with and without titanium, it is observed that surface wettability decreases with the titanium deposition. This can be ascribed to the increase in roughness with the deposition of the thin titanium layer (Fig. 2) : the roughness effect overshadows the influence of interfacial interactions and the contact angle value increases with increasing surface roughness. 23, 27, 28 
Cell viability and proliferation
The viability of MC-3T3-E1 osteoblasts was investigated by the LIVE/DEAD assay, confirming the integrity of the cell membrane in all cases. Fig. 4 shows that virtually no dead MC-3T3-E1 osteoblasts were observed 3 days after cell seeding on PVDF films.
The proliferation of the attached cells on the different PVDF films and TPCS throughout 5 days of culture under static and dynamic conditions is shown in Fig. 5 . The absorbance (Abs) was measured at 570 nm for all the samples at each time.
At day 1, the cell proliferation on PVDF under static conditions was similar to the TPCS except for ''poled +'' b-PVDF with titanium that was higher. Comparing PVDF samples, non-poled b-PVDF shows the lowest cell proliferation and osteoblasts seem to prefer titanium surfaces. At day 3, ''poled +'' b-PVDF with titanium presents a higher cell proliferation.
The influence of a dynamic culture on cell proliferation in PVDF films was also studied (Fig. 5) . It is observed than the dynamic culture improves the cell viability on the piezoelectric PVDF samples both with and without titanium coating.
After 5 days, both control TCPS and non-poled b-PVDF with titanium layer samples under static and dynamic culture yield the same results.
Discussion
The piezoelectric effect has been explored in bone tissue regeneration since this effect was first observed in bone by Fukada and Yasuda. 29 Piezoelectric materials such as PVDF films were shown to induce in vivo formation of periosteal bone 30 but no specific strategies to fully evaluate the potential of this material have been undertaken. Instead, materials such as hydroxyapatite (HA) have been more widely used for stimulating bone regeneration. 31 It is interesting in this sense that HA films also exhibit piezo-and pyroelectricity, and studies of the effect of polarization of HA on the production of new bone 32 show that charged surfaces effectively accelerates the bone formation. Previous studies on osteoblast-PVDF interactions showed that they can be used clinically for promoting tissue growth. 13 The different types of b-PVDF films affect in a different way the adhesion and proliferation of osteoblasts, as the cellular response to different surfaces primarily depend on the cell type. 5 Furthermore, as mentioned previously, surface topography 5, 33, 34 and surface charge have a deep influence on cell adhesion and proliferation. 4, 11 In particular, it has been shown that positively charged surfaces supported higher cell attachment than neutral ones 12 and induce cell adhesion and proliferation in a different way depending on the cell types. 5, 13 It was also observed that positively charged b-PVDF films promote higher osteoblast adhesion and proliferation. Thus, the combination of surface roughness and charge is a key point for promoting cell adhesion and proliferation on the material surface. The goal of this work was the investigation of a dynamic mechanical stimulus of a flat surface with an electric charge distribution, and consequent effect on the response of preosteoblastic cells in monolayer culture. Electroactive b-PVDF has an all-trans planar ''zig-zag'' configuration and the unit cell has a permanent dipole moment. In non-poled polymer samples (samples non-poled b-PVDF or non-poled b-PVDF with titanium), dipoles are randomly oriented in the material and no net charge appears at the surface. In these samples, dynamic mechanical perturbations have no effect on electric charge distribution. Nevertheless, the same material presents permanent surface distribution of positive charges once electrically poled (samples ''poled +'' b-PVDF or ''poled +'' b-PVDF with titanium), since polymer dipoles during the electrical poling process rotate and align in the direction of the applied electrical field, acquiring a net orientation in the space. When the polymer chains of these samples are dynamically deformed, the net surface charge oscillates with the same frequency as that of the mechanical stimulus.
Regarding static and dynamic conditions, it was observed that cell proliferation on ''poled +'' b-PVDF over 3 days was higher in dynamic conditions than in static conditions, suggesting that the mechanical stimulus improves osteoblast growth. Additionally, this behaviour was not verified in the non-poled samples. As a result, the observed effect was ascribed to the variation of the charge density due to the mechanical stimulation. These results suggest that surface charge is a relevant parameter to be considered in the design of proper scaffolds and membranes for specific tissue engineering applications, and piezoelectric materials may provide the necessary electrical stimulus for cell growth, especially under a mechanically stimulated environment.
Assessment of the effect of this dynamic electric stimulation is demonstrated by the higher proliferation observed in cells cultured on ''poled +'' b-PVDF under dynamic conditions than in static wells. Further, this is also proven by the fact that there is no significant difference (or even the opposite effect is found) between cells cultured on non-poled b-PVDF in static and dynamic conditions (Fig. 5) , where the surface charge variations should be negligible. So, the effect of dynamic stimulation is not due to mechanical action itself but to the electrical stimulation induced by the piezoelectric effect in the poled electroactive PVDF substrate. It is worthy of note that results corresponding to the first days of culture must be considered since proliferation rate of these cells is high and cultures reach confluence in a short culture time (in just five days in poled PVDF substrates), thus, proliferation tends to be similar in all membranes and in all conditions after 5 days of growth. An interesting exception is non-coated and non-poled b-PVDF substrates, in which proliferation is clearly slower than that observed for the control samples, as seen in fluorescence images such as those shown in Fig. 4 and in MTT measurements (Fig. 5) . This feature was already demonstrated in our previous investigation, 14 showing a significant difference between fibronectin adsorption on poled and non-poled substrates and significantly smaller cell numbers in non-poled b-PVDF with respect to both negatively or positively charged PVDF surfaces. Titanium coated samples allow the same conclusion to be reached. The titanium layer has a positive effect in poled samples, which is significant in the first day although diminishes over longer culture periods. In the case of non-poled samples, proliferation of the titanium coated samples, non-poled b-PVDF with titanium samples, is like that of control TCPS wells, thus clearly improving proliferation with respect to non-coated samples. In the case of poled samples the titanium layer increases roughness but also increases hydrophobicity, two factors that are expected to affect cell proliferation in opposite ways. However, certainly the main effect of titanium coating in these samples is the improvement of charge surface distribution.
Conclusions
Piezoelectric poly(vinylidene fluoride) has been studied as a suitable material for tissue engineering applications due to its piezoelectric effect. In order to isolate the piezoelectric effect on cell response, poled and non-poled material, as well as material coated with a thin titanium layer to obtain a more homogeneous charge distribution, has been tested in osteoblasts under static and dynamic conditions. The polarization and titanium layer deposition modifies mean roughness of the PVDF film surface and therefore cell adhesion and proliferation on the samples. Osteoblast adhesion and proliferation is different depending on the samples, adhesion being more influenced by the piezoelectric material. The positive charge of b-PVDF promotes higher adhesion and proliferation on osteoblasts. Dynamic culture with MC3T3-E1 cells showed higher cell proliferation on ''poled +'' b-PVDF. In this way, these results demonstrated that varying surface electrical charge when a mechanical perturbation is applied influences cell response and confirms the potential of electroactive polymers for cell culture and tissue engineering by providing the necessary electrical stimuli for the growth and proliferation of specific cells.
